The one-loop diagram calculation of the Ruderman-Kittel-Kasuya-Yosida exchange interaction in one and two dimensions is done. The method allows us to handle correctly the nonanalytical behavior of the integrand in the range function in the one-dimensional electron gas. ͓S0163-1829͑98͒01732-9͔
The indirect exchange interaction between localized spins in metals can be obtained within a linear response approach and the range function is proportional to the Fourier transform of the static susceptibility of free-electron gas. 1 It is known that integration over electron momentum k and momentum transfer q in the one-dimensional ͑1D͒ RKKY range function should be done in particular order to obtain the correct result, because of the strong singularity of the integrand in the range function in point kϭ0, qϭ0.
2 This requires some precautions when calculating RKKY interaction in quasi-one-dimensional systems.
In this paper we would like to attract attention to a method that is free of this kind of problem and capable of calculating in the same way the spatial dependence of the exchange interaction in any dimension. The method is illustrated in one and two dimensions.
A local s-d interaction between electrons and localized spins is given as
where J is the interaction constant and n is the host atomic density in the crystal. This interaction generates the indirect exchange between spins S ᠬ 1 and S ᠬ 2 spatially separated by vector R ᠬ . The one-loop approximation corresponds to the second order in J and gives the indirect exchange in the form
where
and k ϭp 2 /2m*, T is the temperature in energy scale, s ϭ2 ͑1D͒ or 4 ͑2D͒, mϭ0,Ϯ1,Ϯ2,..., and m ϭ(2m ϩ1)T is the fermionic frequencies in a finite-temperaturediagram technique. 3 Usually, to obtain the range function from Eq. ͑3͒, summation over frequencies goes first and the double integral over electron momentum k ᠬ 1 and momentum transfer q ᠬ ϭk ᠬ 1 Ϫk ᠬ 2 remains. Next, integration over electron momentum gives the static susceptibility of the electron gas ͑q ᠬ ͒ ͑Lindhard function͒. The double integral for 1D electrons depends on the order of integration and was the subject of detailed discussion given by Yafet. The other method of range function calculation suggests integrating first over both momenta, and then performing the summation over fermionic frequencies m . 4, 5 This method has been applied to the semiconductors in the ground state ͑bulk and quantum wells͒, with an energy gap at the Fermi level and without real carriers. In this respect, calculations done before 4, 5 should be considered as more sophisticated versions of the Bloembergen-Rowland interaction for semiconductors. 6 This interaction gives the lattice contribution to the indirect exchange. The method mentioned above has not been applied to the systems with degenerate electrons, namely, to RKKY interaction calculation. It seems that applying this method to degenerate electron gas would be helpful to avoid the difficulties mentioned above ͑see Ref. 2 for details͒, because at the first stage of the range function calculation the integrand in Eq. ͑3͒ is separable, both integrations over momenta are independent, and the order of integrations is irrelevant.
From Eq. ͑3͒ for 1D electrons after integration over momenta we have
The final stage of the calculations is the summation over frequencies, which for Tϭ0 can be performed by changing PHYSICAL REVIEW B 15 AUGUST 1998-I VOLUME 58, NUMBER 7 PRB 58 0163-1829/98/58͑7͒/3584͑2͒/$15.00tributions, which correspond to integrations over contours ␥ 1 and ␥ 2 :
where Si(x) is the sine integral function. Here the second term in Eq. ͑5͒, which was the subject of the discussion in Refs. 1 and 2, appears as the contribution from the pole at ϭϪ F . In the two-dimensional electron gas the range function after integrations over momenta has the form
with
where J 0 (z), H v (n) (z) are the Bessel and Hankel functions, respectively. Details about calculation in Eq. ͑7͒ can be found elsewhere. 5 The integration over frequencies in Eq. ͑6͒ goes along contour ⌫, the integrand has cut (Ϫ F ,ϱ) in the plane. Closing contour ⌫ the same way as done in a 1D calculation and making use of the fact that the Hankel function is analytical inside; we obtain the contributions only from opposite sides of the cut ͑contour ␥ 1 in Fig. 1͒ :
where N n (z) are the Bessel functions of second kind, R ϭRͱ2m*/ប 2 . Finally, evaluating the last integral in Eq. ͑8͒, we obtain the 2D range function as follows:
The exact result for the 2D range function Eq. ͑9͒ was obtained first in Ref. 6 , and was then repeated independently in Ref. 7 , and here was reproduced for illustration of the method. It should be noted that the method discussed gives also the correct result for 3D RKKY indirect exchange. 1 We hope the method may be useful for the more complicated case of interlayer coupling calculations in metallic magnetic multilayers ͑see discussion in Ref. 8͒. *Present address: Center for Quantum Devices, Dept. of Electrical
